The effect of vibration on the axle has been considered. Vibration measurements at different speeds have been performed on the axle of a running rail vehicle to figure out displacement, acceleration, time, and frequency response. Based on the experimental works, equivalent stress has been used to find out life of the axles for 90% and 10% reliability. Calculated life values of the rail vehicle axle have been compared with the real life data and it is found that the life of a vehicle axle taking into account the vibration effects is in good agreement with the real life of the axle.
Introduction
The critical areas on the wheelset and axle are generally all press-fits (e.g., the wheel seat, the brake disc seat, the bearing seat, the labyrinth seal seat, and the drive pinion seat for driven axles) as well as the axle fillet radii [1] .
Dynamic simulation can be used as a source of information on load cases for parts of the vehicle structure [2, 3] . This is one of the more challenging applications for simulation because it often concerns parts of the structure such as the bogie frame or wheelsets where higher frequencies are important and because extreme events can be an important consideration. When developing simulation models for structural analysis is particularly important in which structural flexibilities should be considered, at least up to the maximum frequency is considered important [4] .
The interactions of structural and vehicle system dynamics with respect to fatigue life calculations on condition of short computation times have been reported by [5] . As the vehicle operation and the dynamical behaviour of the vehicle are taken into account, the reliability of fatigue life calculation of vehicle components is significantly improved by the strategy proposed. The new method enables comparing different designs of the bogie frame and helps to obtain an optimum structural design, especially when new technologies are requested.
Lee et al. [6] have performed the fatigue analysis of high speed passenger train which has been designed for maximum speed of 350 km/h by considering aerodynamic forces. In the case of cross running inside a tunnel, fatigue damage has been significantly greater, but the criteria of fatigue strength evaluation by the modified Goodman diagram have been satisfied.
Locovei et al. [7] have focused on the fracture mechanism of railway axles due to fatigue of material. They aimed to predict the number of cycles (in km) to fracture of tank wagon railway axle in various theoretical conditions by simulating the loads and stresses. It has been seen that the fracture of the axles has occurred in the area of most intense stresses, below the locking ring of the bearing. Despite the fracture, the wagon continued to run with all the load of the axle supported by the bearing box. Therefore, the heat produced by the intense friction of the axle and the locking ring against the bearing box caused the melting of the locking ring and ultimately of the bearing box. The chain of phenomena has resulted as deformation and fracture of bearing box.
A limiting factor in high speed rail vehicles is the dynamic phenomenon called hunting which initially becomes apparent as a lightly damped lateral/yaw response of the vehicle. Due to its importance to the operation of the vehicles hunting has been studied for several decades. Subsequent studies have extended the linear models to include the nonlinear aspects of the system [8] [9] [10] . Watson and Timmis [11] explained factors influencing axle stresses as axle load, curve radius, cant deficiency, track roughness, running in depots, high frequency bending behavior, torsional axle strain, discrete track irregularities, wheel flats, wheel out-of-roundness, wheelset and bogie configuration, passenger load spectrum, weather, braking, position of axle in train, and long term changes. For solid axles, even if the operating stresses are significantly below design limits, very little useful weight reduction can be achieved by reducing the diameter to increase the stress to the allowable limit. Axle strain cycles at a frequency greater than 20 Hz (the maximum wheel turning frequency) have been performed in the axle tests.
Reasons of railway traction shafts and axles fracture have been investigated by Ognjanovic et al. [12] . Natural vibrations of railway wheels caused by the stick-sleep process in the wheel-rail contact and the fracture of the bearing and the shaft-axle braking have been presented. Possible preventions against traction shafts (axles) fracture were suggested. Significant stress concentration occurred at the area between the wheel and traction gear.
Fatigue tests of produced railway axles have been performed by Novosad et al. [13] and results were compared with tests on small specimens and demands of railway standards. The procedures for design and calculation of the axles such as fatigue limit and safety factor of the axle are defined by European standards EN 13103 [14] and EN13104 [15] . All these measurements and calculations showed effort of railway axles producers that aim at higher safety and better fatigue properties of railway axles.
In the present paper, the axle failures which occurred on rail vehicles of Istanbul Transportation Co. have been examined. It was seen that the axles damaged during service due to different reasons such as bad conditions of track and overloading. It should be noted that the axles have been used in both bogie of a tramway (TR) and a light rail vehicle (LRT). Details of the axles can be found in Table 1 .
In the previous study [16] by assuming the vehicles run under the idealized conditions, the logarithmic life equations for the cases of TR and TR-LRT have been derived by means of the real fracture data. However, the vibration effects have been ignored while deriving the life equations of the axles. The effects of vibration on the life of axles have been considered in the present work. To reveal the negative effects of vibration, the vibration measurements at different speeds (30 km/h, 40 km/h, and 50 km/h) have been performed on axle of a running rail vehicle. Such measurements enable determining the displacement, acceleration, time, and frequency response. The measured data have been used for the calculation of new equivalent stress including additional bending stress born by vibration. In the light of obtained new equivalent stress, the life of the axle has been presented by 10% and 90% reliability. Finally, obtained results have been compared with the real life values (Table 1) .
Stress Analysis
It is a fact that most machinery and many structures do not operate under a constant load and stress due to constantly changing conditions. Rotating shafts such as the axle on rail vehicle are an important example. When the axle rotates 180 ∘ , bending stresses change from tension to compression or vice versa.
The axle which runs at 80 km/h and rotates 663 RPM is exposed to stresses which show a periodic alteration between positive and negative values (Figure 1 ). Such stress that varies periodically causes fatigue fracture in the structures as shown in Figure 1 .
Palmgren-Miner Cumulative Damage Theory. Ever since
Wohler discussed the railway wagon axle failures in fatigue, this subject gained importance in the design of machinery. The strength of material under the action of completely reversed stress fatigue loads is determined from -diagrams. These diagrams are not representative of an actual machine member and therefore the fatigue strength is to be modified to take into account the conditions prevailing for a specific machine subjected to fatigue [17] .
Fatigue damage increases with applied load cycles in a cumulative manner. Cumulative fatigue damage analysis plays a key role in life prediction of components and structures subjected to field load histories. The first cumulative damage theory was applied by A. Palmgren for predicting the life of roller bearings in 1920 in Sweden. B. F. Langer followed him in general form. However, the theory was not known and used until it occurred in M. A. Miner's study in 1945. Since Figure 2 : Spectrum loading for total life " " and load cycles " " corresponding to different stress amplitudes [21] .
then the treatment of cumulative fatigue damage has received increasingly more attention. This linear theory is known as the Palmgren-Miner hypothesis or the linear damage rule [18] [19] [20] . It is based on the -graphic shown in Figure 2 [21]. Operation at a stress level 1 gives a life of 1 cycles. If the element is subjected to 1 , it suffers a damage fraction = / . Failure is then predicted to take place where
It asserts that the damage fraction at any stress level is linearly proportional to the number of cycles that would produce failure at that stress level. As the element is subjected to a mean stress, the -plane is shifted to the location of the applied mean stress level on the fatigue failure surface.
One of the serious drawbacks of this theory is that it does not recognize the order of application of various stress levels and damage is assumed to accumulate at the same rate at a given stress level without a consideration of the past history. Experimental evidence shows that fatigue damage accumulates nonlinearly, depending on the alternating stress level [22] . If different cycle stress amplitudes are mixed randomly, Miner's total damage approximates 1. Generally the use of this theory is satisfactory because the stresses in many applications involve various descents and ascents. According to Palmgren-Miner theory when the summation of cycle rates reaches (which means the life exhausted 100%) fatigue damage occurs as stated mathematically in (1) . Consider
where 1 , 2 , . . . , are the number of load cycles at a specific stress level such as 1 , 2 , . . . , and 1 , 2 , . . . , represent the fatigue life in cycles at the same stress level. is a constant that changes between 0.7 and 2.2 as given by [23] . Determining 1 , 2 , . . . , is very difficult. If they are stated as the parts of total life ( eq ), 1 
The Palmgren-Miner theory will be successful when axle shaft is exposed to different loading cases during its service life. The most important effect for axle life is stresses that act on the axle. These stress values change permanently as a result of passenger loading rates. In the previous work, Bayraktar et al. [16] found equivalent stress value of the critical section of the axle as eq = 220 N/mm 2 in case of different occupancy rates (passenger numbers) for 18 hours which is the service time. Time for taking the curves and additional bending stress related to centrifuge loads had been considered.
Logarithmic Life Equations for the Axles
Statistical assessments and derivation of the logarithmic life equations are based on normal distribution of fatigue concept. An extensive knowledge on fatigue life can be found in [24] . Equivalent stresses have been obtained by considering the service time and life values given in Tables 2 and 3 statistically. These stress values have been assessed related to statistical distribution function denoted by the following equations. Mean life, standard deviation of life, standard variable for life, standard deviation of stress, and standard variable for stress are given in (3)- (8), respectively:
= + × .
Logarithmic equations have been obtained by considering Wöhler diagram as given in Figure 3 . The equivalent stress value is used to derive the logarithmic life equations given in (9)- (12) . These are related to load cycle without the vibration effect for the cases when only TR and TR-LRT are in operation by considering 90% and 10% reliability [16] . 
Derived life equations for 10% reliability in the case of TR: log = 11.1122 − 9.0136 min .
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Derived life equations for 10% reliability in the case of TR-LRT: log = 11.5913 − 9.546
Integrating Vibration Effects to Logarithmic Life Equations
Since the paper aims to point out the effect of vibration on life of the axle, the vibration measurements at different speeds (30 km/h, 40 km/h, and 50 km/h) have been performed. The experimental results have been used to determine the additional stresses arising from vibration in the critical section of the axle at these speeds.
Vibration Measurement and Setup.
During the experiments the data acquisition process is controlled by means of a 6-channel dynamic signal analyzer pulse system of Bruel & Kjaer (B&K), Type 3560 C-E01 as shown in Figure 4 . B&K 4506 B and 4506 B 003 type accelerometers are used to measure the output of the system ( Figure 5 ). Technical properties of B&K Type 4506 B 003 accelerometer are given in Table 6 . Measurements have been done for an ABB motor bogie of rail vehicle (vehicle number 514) which travels on ballasted track. The travelling speed of the rail vehicle has been set to 50 km/h, 40 km/h, and 30 km/h. As a result of the measurements the displacement amplitudes of the axle ( Figure 6 ) and the frequency and acceleration of the vibration measured from the axle (Figure 7 ) have been presented. 
Additional Stress
Resulted from Vibration on the Axle. As a result of measurements which have been performed for different speeds of the rail vehicle, RMS vertical vibration values as displacements ( ) have been obtained (Table 7) . Depending on the displacements of the axle and frequency, dynamic force ( dyn ), bending moment ( ), and finally bending stress (( ) vib ) which belongs to vibration have been calculated by means of equations given in Appendix section. The summarized parameters in Table 7 have been provided to find out additional stress resulted from vibration.
By considering the vibration effects a new equivalent stress of ( vib ) eq = 32.46 N/mm 2 has been obtained which is used for the derivation of new logarithmic life equations presented in the next subsection.
New Logarithmic Life Equations.
It should be mentioned that the mean life and standard deviations are acquired as = 8.4185 from (3) and = 0.1161 from (4) by predicating logarithmic dispersion in Table 2 while they are acquired as = 8.7728 from (3) and = 0.0962 from (4) by considering logarithmic dispersion in Table 3 . 
Graphics which are drawn by using these equations have been illustrated in Figures 8 and 9 .
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Statistical Analysis and Discussion
In the present section, the life values obtained with and without the vibration effects have been compared with each other for 90% and 10% reliability in the case of TR and TR-LRT in Table 8 . It should be noted that these life values are the results of derived logarithmic equations. On the other side, real life values given in Table 1 have been presented statistically in Table 9 by considering 90% and 10% reliability.
The discrepancies between the real data and the results of the derived equations including the vibration effects are presented in Table 10 .
Conclusion
The present paper examines the fractures of axles of rail vehicles that are operated by Istanbul Transportation Co. The logarithmic life equations have been derived for different cases where TR and TR-LRT are in operation. These equations have been obtained by means of real fracture data taking the related corporation.
Negative effects of vibrations on life of the axle have been pointed out by performing vibration measurements on the axle that run at different speeds and additional vibration induced bending stresses have been included in the calculations. Life of the axles has been calculated with 90% and 10% reliability and results have been compared to the real data.
In the case of TR the 90% reliability life of the axle has been found as 350.833 km whereas the real life value of the axle is 350.914 km. In the case of TR-LRT, the 90% reliability life of the axle has been found as 840.428 km although the real life value is 841.397 km.
By considering the effect of the vibration on the axle, the error margins in the calculation of 90% reliability life values of the axles are 0.023% (81 km) and 0.11% (924 km) for the cases of TR and LRT, respectively. Error margins in the calculation of 10% reliability life values of the axles are 0.023% (159 km) and 0.092% (1363 km) for TR and LRT, respectively. Damage failure and life of the axles should be followed by performing periodic examinations which are determined by considering the calculated reliability life values as done in the present study. It is not possible to obtain longer life by keeping the same construction parameters of the axle such as material and radius.
The reason for creating additional, effective stresses on the axle by vibration is that the dynamic forces which are determined by considering the travel service percentages at different speeds are around the resonance area. The dynamic forces increase in the case of increasing the stiffness of the axle and dynamic displacements when regarding the parameters that affect the dynamic forces. By increasing the dynamic forces the stresses resulted from vibration will increase, so the life of the axle will be affected negatively.
Appendices

A. Tables 1, 2, 3, 4, and 5
The relation between load cycle and km used in tables and calculations has been given as the following equation:
where perimeter = 0 [mm] and 0 is the diameter of the wheel (600 mm).
B. The Stress Calculation due to Vibration
The bending moment at the critical section which is shown in Figure 10 has been calculated by using (B.1). Here, is the bending moment and ( = 1481 mm) is axle length shown in Figure 11 . Also, dynamic force ( dyn ) and angular velocity relations have been given in (B.1) and (B.2), respectively: 
